ABSTRACT A method for the preparation of a radioisotopically labeled active-site directed reagent for proteases ('"I-TyrAla-Lys-ArgCH2CI) is described, and an example of its use as a sensitive method for identifying trypsin-like proteases is provided. This high specific activity reagent was then used in an attempt to identify proteases in rat islets of Langerhans involved in the conversion of proinsulin to insulin. Previous studies have indicated that the endoprotease involved in proinsulin conversion is a cysteine proteinase and that '25I-Tyr-Ala-Lys-ArgCH2Cl affinity labels an islet crude granule fraction protein having a molecular weight of 31,500. Here we demonstrate, using a probe of higher specific activity, that the major affinity-labeled proteins of the islet crude granule fraction, when displayed by sodium dodecyl sulfate gel electrophoresis, have molecular weights of approximately 39,000 (5%), 31,500 (53%), and 5,000-6,000 (37%), with several other minor proteins (<5%) also labeled. The two predominant labeled proteins were mainly soluble rather than membrane bound, and they exhibited patterns of competition with various inhibitors that were similar to the pattern shown by the conversion of proinsulin to insulin in vitra A rabbit antibody to rat liver cathepsin B immunoprecipitated both affinity-labeled 31,500 and 5,000-6,000 molecular weight proteins, and on the basis of this and structural considerations the 31,500 molecular weight cysteine protease is identified as cathepsin B. The 5,000-6,000 molecular weight peptide is an NH2-terminal, active site cysteine-containing, proteolytic fragment of the 31,500 molecular weight protein. Because cathepsin B is not per se a candidate for the proinsulin convertase because of its excessively broad substrate specificity, these studies suggest that a similar enzyme or a modified form of this enzyme is active within the secretory progranules, whereas the more typical cathepsin B may be largely confined to lysosomal contaminants in our granule preparations.
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Most polypeptide hormones and neurosecretory peptides are synthesized as larger precursors, which undergo limited proteolysis during the intracellular processes of segregation, transport, storage, and secretion (1) . The first proteolytic event involves removal of the signal sequence by an endoprotease located on the luminal side of the rough endoplasmic reticulum (2) . The second is thought to commence in the Golgi apparatus and cQntinue for several hours during the maturation of the secretory vesicles to mature storage granules (3) . This processing of propolypeptides (proalbumin) or prohormones almost always occurs at pairs of basic residues by enzymes having cleavage specificity similar to the specificities of trypsin and carboxypeptidase B. Studies in this laboratory on the conversion of proinsulin to insulin by rat islets of Langerhans have suggested that the endoprotease may be trypsin-like in specificity but with a cysteine rather than a serine at the active site, and that the carboxypeptidase B-like enzyme exhibits properties more characteristic of catheptic enzymes-i.e., a more acid pH optimum and other features that tend to distinguish it from the exocrine pancreatic enzyme (4). Other laboratories, however, have suggested that serine proteases such as kallikrein (5) or plasminogen activator (6) may be involved in the conversion of proinsulin to insulin in rat islets. A cysteine protease, inhibitable by leupeptin, p-chloromercuribenzoate, and pepstatin A, has been implicated in the processing of proopiomelanocortin by a granule fraction from rat pituitary intermediate lobe (7) . Similarly, in a granule fraction from anglerfish islets, a cysteine protease is thought to be involved in the conversion of proinsulin, proglucagon, and prosomatostatin to the active hormones (8, 9) . Proalbumin conversion in rat liver may also be mediated by a cathepsin B-like cysteine protease (10) .
Recently we have studied the conversion of endogenous [3H]leucine labeled proinsulin to insulin in a lysed crude granule fraction from rat islets, and we have characterized the endoprotease as a cysteine protease with a mildly acidic pH optimum. Using a radioisotopically labeled active-site-directed reagent ('"I-Tyr-Ala-Lys-ArgCH2Cl), we reported preliminary evidence identifying the predominant thiol protease in the islet granule fraction as having a molecular weight of 31,500 (11) . In this paper we describe in detail the preparation of 125I-Tyr-AlaLys-ArgCH2Cl of high specific activity, and we demonstrate its use as a sensitive probe for arginine-specific proteases. We then present data obtained with this reagent showing that the predominant labeled proteins in the islet granule fraction have molecular weights of 31,500 (53%), 5,000-6,000 (37%), and 39,000 (5%) and that the 31,500 and 5,000-6,000 molecular weight proteins are soluble rather than membrane bound. Both of the major affinity-labeled proteins were immunoprecipitated by an antibody to rat liver cathepsin B, and, on the basis of this evidence and structural considerations, the 31,500 molecular weight protein is identified as cathepsin B and the 5,000-6,000 molecular weight protein as a proteolytically generated NH2-terminal portion of this protein containing the active cysteine residue.
EXPERIMENTAL PROCEDURES
Materials. Carrier-free Na'"I was from Industrial Nuclear (St. Louis, MO), and t-Boc-L-tyrosine N-hydroxysuccinimide ester was from Bachem Fine Chemicals (Torrance, CA lic], and the Ala-Lys-ArgCH2Cl was kindly provided by E. N. Shaw (Brookhaven National Laboratory, Upton, NY).
lodotyrosylation of Ala-Lys-ArgCH2CJ. t-Boc-L-Tyrosine Nhydroxysuccinimide ester was iodinated as described by Assoian et al. (12) . ethylmorpholine brought to pH 8.5 with acetic acid, and 10 tul of this solution (2.5 nmol of Ala-Lys-ArgCH2Cl) was added to the dried iodinated ester (4 nmol). After 30 min on ice, the reaction was stopped by adding 50 1ul of 3 M acetic acid. The iodotyrosylated products were separated by paper electrophoresis (Whatman no. 1) in 30% (vol/vol) formic acid at 7.5 V/cm for 4 hr. The wet paper electrophoretogram was briefly (10) (11) (12) (13) (14) (15) sec) exposed to x-ray film and the positions of the ['"I]iodotyrosylated products were thereby identified. A paper strip corresponding to the mono['"I]iodotyrosylated derivative (see Results) was carefully excised from the electrophoretogram, cut into small pieces, and placed in 2.5 ml of 30% (vol/vol) formic acid for approximately 12 hr at room temperature. The formic acid containing the eluted derivative was then dried under reduced pressure. Recovery of radioactivity was about 95%. The dried sample was then suspended in 2 ml of 90% (vol/vol) formic acid and left for 4 hr at 4°C to remove the t-Boc group from the tyrosine. After the formic acid had evaporated under reduced pressure, the dried material was dissolved in 1 ml of 1 mM HC1 and stored at -20°C. The specific activity obtained was normally in the range 0.5-2.0 X 1014 cpm/mmol.
Immunoprecipitation. Cathepsin B was immunoprecipitated with the aid of protein A-bearing Staphylococcus aureus (IgGsorb, The Enzyme Center, Boston, MA) after a prior absorption step. To the sample was added 0.5 ml of Tris/albumin/salt (0.1 M Tris/0.25% bovine serum albumin/0.05 M NaCl/0. 1% Triton X-100 adjusted to pH 7.6 with HCQ), 10 ,ul of normal rabbit serum, and 50 ul of a 10% suspension of S. aureus. After 30 min at 4°C the samples were centrifuged in an Eppendorf 5414 centrifuge for 10 min. The supernatants were collected and 10 ,ul of rabbit antibody to rat liver cathepsin B or 10 ,ul of the antibody diluted 1:10 in normal rabbit serum was added, and the samples were incubated at 4°C for 24 hr. After a 30-min incubation with 50 pul of 10% S. aureus suspension, the samples were centrifuged and the pellets were washed four times with 0.01 M Tris/0.6 M NaCl/0. 1% NaDodSO4/0.05% Nonidet P-40 adjusted to pH 8.6 with HC1 and once with 0.01 M Tris/0.6 M NaCl at pH 8.6. NaDodSO4/Polyacrylamide Gel Electrophoresis. NaDodSO4/polyacrylamide gel electrophoresis was performed essentially as described by Laemmli (13) with the following modifications. The NaDodSO4 sample buffer contained 2% (wt/ vol) NaDodSO4, 0.001% bromophenol blue, 0.25 M sucrose, 5% (vol/vol) 2-mercaptoethanol, and 0.0625 M Tris'HCl at pH 8.8. Samples were boiled for 3 min in 25 pl1 of sample buffer and centrifuged for 10 min in the Eppendorf 5414 centrifuge before being applied to the gel. The resolving gel contained 12.5% (wt/vol) acrylamide and 0.25% N,N'-methylenebisacrylamide, and the running buffer contained 0.038 M glycine, 0.005 M Tris, and 0.02% NaDodSO4. After electrophoresis the gel was fixed for 30 min in 25% (vol/vol) isopropyl alcohol and 10% (wt/vol) trichloroacetic acid-with shaking. It was stained for protein (to identify marker proteins) in 0.2% Coomassie brilliant blue R-250 for 45 min and destained in 10% (vol/vol) isopropyl alcohol, 10% (vol/vol) acetic acid. The destained gel was treated for 30 min with 5% (vol/vol) glycerol and dried under reduced pressure. The dried gel was then exposed to preflashed x-ray film (XAR-5, Eastman Kodak) for autoradiography. The autoradiograms were scanned on an LKB 2202 Ultrascan laser densitometer connected to a Hewlett-Packard HP 3390A integrator/plotter, to calculate the relative amounts of each labeled protein.
Preparation of Tissue and Subcellular Fractionation. The preparation of tissue and subcellular fractionations were performed as described (11) . Liver lysosomes ("tritosomes") were prepared from rats previously treated with Triton WR1339 (14) .
RESULTS
The products of ['l2]iodotyrosylation -of Ala-Lys-ArgCH2Cl separated by paper electrophoresis are shown in Fig. 1 the a-amino group of the alanine, was eluted from the paper and after removal of the t-Boc group was used in the subsequent affinity labeling experiments. Fig. 1 , lane 2, shows the purity of this final product (VI), which in some preparations also contained some di['5I]iodotyrosylated derivative (V) and probably some blocked forms of both derivatives.
The sensitivity of this partially purified reagent was sufficient to detect, with a 24-hr exposure, 4 fmol of trypsin and possibly less with a longer exposure time (Fig. 2) . This compares well with the most sensitive assays for trypsin, which can detect about 40 fmol (15) , and with other methods for radioisotopically labeling serine proteases-e.g., with [3H]diisopropyl phosphofluoridate-which require treating the gel for fluorography and longer exposure times (about 10 days) to detect small quantities of enzyme. The two affinity-labeled proteins migrating below trypsin (molecular weight approximately 24,000) were the products of trypsin autolysis and are also seen when trypsin is affinity labeled with Proc. Natl. Acad. Sci 1251-Tyr-Ala-Lys-ArgCH2Cl (100,000 cpm) was added and the samples were incubated at 3700 for a further 30 min before the addition of 1 ml of 5% (wt/vol) trichloroacetic acid. After 30 min at 40C the precipitated protein was centrifuged for 10 min (Eppendorf4514 centrifuge), and the pellet was washed once with 1 ml of cold trichloroacetic acid. The dried pellet was then boiled in NaDodSO4 sample buffer for electrophoresis. The gel was exposed to x-ray film for 24 hr. The molecular weight marker proteins were, in decreasing order, phosphorylase a, albumin, ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, myoglobin, lysozyme, and proinsulin.
date. The '25I-Tyr-Ala-Lys-ArgCH2Cl not only labeled serine proteases [presumably at the active site histidine (16)] but also affinity labeled papain, a cysteine protease (data not shown), probably at its active site cysteine.
As previously reported (11), 125I-Tyr-Ala-Lys-ArgCH2Cl affinity labeled a major (53%) 31,500 molecular weight protein in the crude granule fraction. However, when a higher specific activity reagent was used, two other major proteins with an approximate molecular weight of 5,000-6,000 (37%) and 39,000 (5%), and several other minor proteins (<5% total) of molecular weights of >100,000, 92,500, 27,000, and 24,000 were also detected (Fig. 3) . A protein with a molecular weight of 66,200 was also labeled, but this represented bovine serum albumin present in the granule fraction at a concentration of 0.1%. The labeling intensity of all of these proteins (with the exception of the bovine serum albumin) was enhanced by low concentrations of the reducing agent dithiothreitol. When various protease inhibitors were incubated with the granules before adding the affinity label, it was found that diisopropyl phosphofluoridate and N-ethylmaleimide at 10 ,uM did not compete with the affinity label, whereas antipain and leupeptin at similar concentrations did compete. The ability of various inhibitors to compete with the affinity label was similar to the ability to these inhibitors to inhibit the conversion of endogenous [3H]leucinelabeled proinsulin to insulin by the crude granule fraction (11) . When the crude granule fraction was lysed by freezing and thawing or by 0.1% Triton X-100 and centrifuged at 100,000 x g for 60 min, the 31,500 and 5,000-6,000 molecular weight affinity-labeled proteins were detected mainly in the supernatant, but in some experiments a lesser amount remained in the membrane fraction (Fig. 4) , possibly due to incomplete lysis or solubilization.
Because the islet granule fraction contained lysosomes (11), the affinity labeling of purified liver lysosomes (14) was studied (Fig. 5, lane 1) . In this case the labeling was different. The major labeled protein had a molecular weight of 25,000 (64%), although on underexposed autoradiograms there is a suggestion that this may represent a doublet of two proteins with molecular weights very close to 25,000. The other labeled proteins had molecular weights of 45,000 (2%), 39,000 (6%), 31,500 (9%), and 5,000-6,000 (20%). As in the case of the islet granule labeled proteins, the intensity of labeling of all of these proteins was enhanced by low concentrations of dithiothreitol and was competed against by the same proteolytic inhibitors (data not shown).
Because the above evidence suggested that these islet granule and liver lysosomal proteins were cysteine proteases, a cathepsin B antibody was used to determine which if any of these proteins would be immunoprecipitated. The antibody immunoprecipitated the 125I-Tyr-Ala-Lys-ArgCH2Cl-labeled 31,500 and 5,000-6,000 molecular weight proteins in both the islet granule fraction (Fig. 6 ) and the liver lysosomes (Fig. 5) but did not immunoprecipitate the 45,000, 39,000, or 25,000 molecular weight doublet in the purified liver lysosomes.
DISCUSSION
Our results with the very sensitive method using 125I-Tyr-AlaLys-ArgCH2Cl, a reagent directed to the protease active site, have demonstrated that the major affinity-labeled proteins of the islet crude granule fraction have molecular weights of 31,500 and 5,000-6,000. That the 31,500 molecular weight protein is a cysteine protease similar if not identical to cathepsin B was suggested by the following: (i) affinity labeling of the protein was enhanced by reducing agent and competed against by cysteine protease inhibitors but not by serine protease inhibitors; (ii) the affinity-labeled protein was immunoprecipitated by cathepsin B antibody; (iii) previously described structural studies on cathepsin B (see below) indicated that it had similar properties.
Isolated from rat liver, cathepsin B appears on NaDodSO4 gels under reducing conditions as three proteins of molecular weights of 29,000, 25,000, and 4,000 (17) . The 25,000 and 4,000 molecular weight proteins are generated by proteolysis of the 29,000 molecular weight protein but are held together by a disulfide bridge. The 4,000 molecular weight peptide contains the active site cysteine, and is located at the NH2-terminus of the 29,000 molecular weight protein (18) . A similar structure has been described for the enzyme isolated.from bovine spleen (19) . It is of interest that the primary structure of the NH2-terminal peptide of the enzyme from rat liver has been determined and shows an extremely high homology to that of papain, particularly around the active site cysteine (20) .
In the affinity labeling studies on the islet crude granule fraction, we have therefore demonstrated from the relative amounts of the 29,000 molecular weight (31,500 on our gel system) and 5,000-6,000 molecular weight affinity-labeled proteins (i.e., whereas 41% had undergone proteolytic cleavage. In purified liver lysosomes the relative amounts of the two forms differed (31% intact, 69% cleaved). Other studies have indicated similar levels of cleavage (17, 18, 20) . Whether there is a physiological role for this cleavage or whether it simply represents proteolysis occurring during the subcellular fractionation or storage (-80°C) of the organelles is unclear.
That cathepsin B may be involved in the conversion of proinsulin to insulin is suggested by the observation that it (the 31,500 and 5,000-6,000 molecular weight affinity-labeled proteins) represents 90% of the proteins affinity labeled by 1"I-Tyr-AlaLys-ArgCH2Cl in the islet crude granule fraction. Furthermore, the ability of proteolytic inhibitors to compete with the affinity labeling of this protease is similar to the ability of the proteolytic inhibitors to inhibit conversion of proinsulin to insulin in the granule fraction (11) . However, the islet granule fraction contains lysosomes, which are difficult to remove, and these may be the source of most if not all of the cathepsin B. Arguments against a role for cathepsin B in prohormone processing include the observations that it has a dipeptidyl peptidase activity (i.e., cleaves COOH-terminal dipeptides sequentially) against, e.g., glucagon (21) and muscle aldolase (22) and that the purified enzyme, when tested on proparathyroid hormone, does not remove the terminal hexapeptide but cleaves in the central part of the molecule (23) .
Cathepsin B isolated from rat islets (24) and highly purified cathepsin L and cathepsin B from rat liver (25) have been reported to correctly cleave proinsulin in vitro; in these reports the products were analyzed either by gel filtration on Sephadex G-50 (24) or by polyacrylamide gel electrophoresis (25) . We 
